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By efficient nanoscale plasma etching, the nitrogen-vacancy (NV) centers in diamond were brought
to the sample surface step by step successfully. At each depth, we used the relative ratios of spin
coherence times before and after applying external spins on the surface to present the decoherence,
and investigated the relationships between depth and ratios. The values of relative ratios declined and
then rised with the decreasing depth, which was attributed to the decoherence influenced by external
spins, surface spins, discrete surface spin effects and electric field noise. Moreover, our work revealed
a characteristic depth at which the NV center would experience relatively the strongest decoherence
caused by external spins in consideration of inevitable surface spins. And the characteristic depth was
found depending on the adjacent environments of NV centers and the density of surface spins.
I. Introduction
The negatively charged nitrogen-vacancy (NV) center
in diamond has attracked broad interest owing to its
prominent properties. One particular property is the long
room-temperature spin coherence time, which is essen-
tial for NV centers being used in various applications.
Recently, the use of NV centers as sensors to detect ex-
ternal spins [1–6] has been demonstrated, and both the
coherence time and detected signal strength are found
to be critically dependent on the depth of the NV cen-
ter [1, 2, 7–11]. In view of this, the depth dependent
properties of NV centers as well as the preparation meth-
ods of NV centers of different depths have been widely
investigated.
Conventionally, low-energy nitrogen-implantation[12]
and the epitaxial growth of a high quality nitrogen-doped
CVD diamonds followed by electron [13] or ion irradia-
tion [14] are the methods to make shallow NV centers.
Moreover, in order to bring an NV center closer to the
diamond surface step by step to investigate the depth de-
pendence of its properties, thermal oxidation[11, 15, 16]
and plasma etching [16–19] methods have been devel-
oped and widely used in the recent years. Compared
with thermal oxidation which performs an etching on the
entire diamond sample surface, plasma etching method
makes it possible to etch a specific area of the sample by
previously depositing a mask on the surface [19].
In this paper, we performed plasma etching on a bulk
diamond to precisely control the depth of NV centers
with respect to the sample surface. Then we studied
depth dependence of spin coherence times of the NV cen-
ters for samples with external nuclear or electronic spin
baths around the surface. In particular, by using NV cen-
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ter array and position marks, we could track the very
same single NV center at different depths, which enabled
us to keep a stable internal adjacent environment of the
center and made the depth and external spins the only
two variables.
II. Methods
We used an electronic grade (100)-oriented, 2 × 2
× 0.5 mm3 sized diamond substrate from Element Six
([13C]=1.1%, [N]<5ppb) for the experiments. By using
electron beam lithography, an arrary made of 60 nm di-
ameter apertures, enclosed with 2 µm wide vacant strips
(serving also as position marks [11, 20]), were patterned
on a 300 nm thick polymethyl methacrylate (PMMA)
layer previously deposited on the diamond plate surface
[21]. The NV center array in the diamond was created by
ion implantation with the 14N2+ molecule energy of 50
keV and a fluence of 0.65 × 1011 14N2+ per cm2 through
the apertures and strips on the PMMA layer. The im-
planted sample was annealed at 1050 °C in vacuum at
2 × 10 -5 Pa for 2 h to form long spin coherence time
centers [22]. Then the sample, after oxidation for 2 h in
air at 430 °C, was cleaned with acidic mixture (sulfuric,
nitric, and perchloric acid in a 1 : 1 : 1 ratio) at 200 °C
for 1.5 hours.
The plasma-related processes were performed using
an ICP RIE reactor (Oxford PlasmaPro NGP80 machine
equipped with ICP source). In order to obtain an efficient
etching rate, we performed the plasma etching on the
diamond sample in conditions of 200 W ICP power, 30
mTorr chamber pressure, 10 sccm of oxygen, 5 sccm of
argon, which was different from that used in the previous
works [16, 18, 19]. By depositing a mask (lithography-
patterned AZ 6112 photoresist) on a part of the sample’s
surface to protect it from etching, we could get a refer-
ence point of the initial depth, with respect to which we
could determine the etching rate and depth from surface
ar
X
iv
:1
70
9.
09
07
0v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
26
 Se
p 2
01
7
2(a) (c)
(d)(b)
- 480.6 nm
- 521.7 nm
6.2 nm
- 5.0 nm
Y 
(μ
m
)
Y
 (μ
m
)
Figure 1. Surface morphology of the etched diamond sample
characterized by AFM. (a) Image of a representative area of the
substrate etched for 20 seconds. (b) Magnified image of the
square area delineated in (a). (c) The distribution of height
along the blue line in (b). (d) The distribution along X axis of
the Y-axis-average height of the whole area in (b).
topography analysis with the atomic force microscope
(AFM). Fig.1 demonstrates a representative result for
sample of 20 s etching time. Fig.1(a) shows a 6.8 × 6.8
µm2 area of the etched diamond sample surface, which
demonstrates a clear boundary near the middle left. A
plane fit was performed on the 1.2 × 1.2 µm2 square de-
lineated in Fig.1(a) to eliminate the effect of slant angle
caused by placing sample non horizontally.The resulting
corrected image is presented in Fig.1(b). The distribu-
tion of height along the randomly selected blue line in
Fig.1(b) is shown in Fig1.(c), which indicates an etch-
ing depth of about 4 nm at the boundary. After remov-
ing remarkable spikes and streaks, the distribution along
X axis of the Y-axis-average height is shown in Fig.1(d)
from which an etching depth of about 3.8 nm can be
obtained. Deriving the etching depths for ten etching ex-
periments of different etching times, we found that the
etching rate under the conditions mentioned above was
11.8 ± 1 nm/min. Therefore, we determined to per-
form a 20-second plasma etching on the sample (corre-
sponding to an etching depth of about 4 nm) each time
when the NV centers were distant from the surface, and a
short etching time (corresponding to the etching depths
of about 2 nm or 1 nm) when they were shallow. In
this way, we made the centers approaching to the sample
surface step by step until the centers disappeared, from
which the initial depths of NV centers could be derived.
We tracked 227 single NV centers to investigate the
distribution of center depth. Respectively, Fig.2(a), (b)
and (c) show the fluorescence images of the same repre-
sentative region of the tracked area of the sample etched
for three different etching times (corresponding to the
etching depths 0 nm, 20 nm, 44 nm). The strip-shaped
bright regions on the left and up sides of the images, im-
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(d) (e)
0 10 20 30 40 50 60 70
0
10
20
30
40 NVsSRIM
Depth (nm)
N
Vs
0.0
0.2
0.4
0.6
0.8
1.0
N
co
nt
en
t[
a.
u.
]
0 10 20 30 40 50 60 70
0
50
100
150
200
250
R
em
ai
ni
ng
N
Vs
Etching depth (nm)
Figure 2. (a), (b) and (c) fluorescence images of the remain-
ing NVs at different etching depths (all with the 5 µm scale
bar). (a) Image of a representative area of the sample before
plasma etching. (b) and (c) The same area after plasma etching
for 20 nm and 44 nm, respectively. The tracked single centers
are circled. (d) The number of remaining NV centers in the
tracked area at different etching depths. (e) The distribution
histogram of the number of NVs of different depths, and the
SRIM simulated depth profiles (blue curve) of the 25 keV im-
planted nitrogen atoms.
plying where NV center clusters exist, correspond to the
position marks, and the lightspots in white circles repre-
sent the tracked single NV centers. Obviously, after etch-
ing 20 nm, the position mark strips became less bright,
and only 23 centers among the initially tracked 33 single
NV centers remained discernible. And after etching 44
nm, the bright strips became interrupted and much less
bright, and only 5 single NV centers remained. The evo-
lution of the remaining number of all 227 tracked sin-
gle NV centers are shown in Fig.2(d). We found that
the number of remaining centers reduced slightly when
etching depth was 20 nm or less. However, when the
etching depth increased further, in a range from 20 to 40
nm, the number reduced dramatically. Finally, when the
etching depth was above 40 nm, the number reduced
slowly again. By subtracting the numbers of adjacent
etching depths, the distribution histogram was obtained
and shown in Fig.2(e) which corresponded to the SRIM
simulation for an implantation nitrogen atom energy of
25 keV. The result supported our estimated etching rate
mentioned above.
III. Results
At each depth, spin coherence times were measured
both before and after applying external spins to the
diamond surface. The two liquids used were micro-
scope immersion oil and Cu2+ solution, providing ex-
ternal nuclear[23] and electronic[6] spins respectively
(Though Cu2+ provides nuclear spins as well, the elec-
tronic spin leads the main effect for decoherence due to
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Figure 3. Coherence time measurements of NV centers at different etching depth before and after applying oil. (a) Spin echo
measurements of NV-12 at four different etching depths, with surface in air atop, in oil at bottom. (b) and (c) The coherence times
of NV-12 and NV-13, respectively, for various depths to the sample surface before and after oil applied, atop; and the Rn at bottom.
(d) The Rn of all 25 measured NV centers vs. depths to the sample surface (A few data points under 6 nm are overlapped).
the higher gyromagnetic ratio). The sample was placed
in custom built confocal microscope system with the ap-
plied magnetic field (B = 55 ± 5 G) paralleling to the
detected single NV center axes. Twenty five single cen-
ters (labeled NV-01 ∼ 25) were randomly selected for
the measurements, and initially, the T2 of three centers
of them were less than 50 µs while of the rest were be-
tween 120 to 250 µs, indicating that most of the selected
centers were deep inside the sample with a spin bath en-
vironment of 13C impurities [24].
Fig.3 exhibits the results of coherence times of the
sample with microscope immersion oil applied on the
surface. It has been acknowledged that when the sur-
face is exposed to air, the coherence time will decline as
NVs approaching to the surface, owing to the influence of
surface spin baths existing naturally [10, 25–27] (Since
it was difficult to remove the surface spins completely).
The coherence times obtained with no external liquid ap-
plied to the surface would be called T2air (which served
as a reference), and that with oil applied would be called
T2oil. Noteworthily, we used the ratio Rn = (T2oil - T2air)
/ T2air to represent the decoherence caused by external
nuclear spins, which reflected the intensity of interac-
tion between NV and external nuclear spins with respect
to the inevitable intrinsic spins around the diamond sur-
face. Fig.3(a) shows four representative results of spin
echo measurements of NV-12 at different depths. This
center disappeared after etching 38 nm, indicating its ini-
tial depth to be d ∼ 38 nm. Before etching, the T2air of
NV-12 was 214.1 µs. After applying oil to the surface, the
coherence time T2oil changed to 208.2 µs, and Rn was
about -0.03, suggesting that the external nuclear spins
had little influence on the coherence time of the center
located at a depth about 38 nm. Then, after etching 24
nm (d ∼ 14 nm), the T2air declined to 160.1 µs, and T2oil
declined to 117.9 µs, making Rn to be -0.26, indicat-
ing the external nuclear spins indeed had huge effect on
coherence time when NVs became shallow. Even more,
T2air and T2oil of the same center declined to 59.6 and
34.1 µs, respectively, for sample etched for 30 nm, which
corresponded to a depth of NV-12 d ∼ 8 nm. The Rn re-
duced to -0.43 which meant the external nuclear spins
caused strong decoherence. Then, another 30-second-
etching was performed to make NV-12 only about 2 nm
to the surface, which caused T2air declined to 6.84 µs,
T2oil to 6.24 µs However, we found that for the sample
thus treated, the Rn increasd to -0.09. The T2air and
T2oil of NV-12 for various depths to the sample surface
are presented in Fig.3(b) top, and they both have similar
evolution with decreasing depth. As shown in the figure,
both T2air and T2oil decreased slowly at the depth above
20 nm, then decreased rapidly until NV-12 finally disap-
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Figure 4. Coherence time measurements of NV centers at different etching depth before and after applying Cu2+ solution. (a) Spin
echo measurements of NV-02 at four different etching depths, with surface in air atop, in Cu2+ solution at bottom. (b) and (c) The
coherence times of NV-02 and NV-21, respectively, for various depths to the sample surface before and after Cu2+ solution applied,
atop; and Re at bottom. (d) All 25 measured NV centers’ Re vs. depths to the sample surface.
peared, which was the same as our previous work [11].
Besides, the T2oil is less than T2air, revealing the exter-
nal nuclear spins have enormous influence on coherence
time in most cases in addition to intrinsic surface spins.
The Rn for the center with various depths are presented
in Fig.3(b) bottom, which shows that the Rn curve goes
down with the center depth reducing till about 8 nm and
then rises . Another representative result of coherence
time measurements of single center NV-13 is shown in
Fig.3(c). Similar to NV-12, both T2air and T2oil of NV-13
decreased slowly with the decrease of its depth in the
range above 15 nm, and decreased rapidly in the last 20
nm etching. However, the values of Rn at the depths very
near the surface were positive, 0.03 and 0.12 (meaning
T2 increased when external nuclear spins applied), sug-
gesting the decoherence was suppressed by applying oil
on the surface.
We summarized the depth dependent Rn of all 25 NV
centers in Fig.3(d). For depth above 6 nm, we divided
the depth range into sequential intervals (4 nm for the
first 8 intervals, and 6 nm for the last 3 intervals), and
figured out the mean Rn in every interval. The obtained
mean Rn declined from -0.01 to -0.42 with the depth de-
creasing. For depth under 6 nm, the data of all 25 NVs
scattered between -0.54 and 1.43, most around 0.2, re-
vealing that the decoherence caused by applied oil was
unsteady, even suppressed when NVs were very near the
surface. The result will be discussed in detail in the fol-
lowing part.
Fig.4 exhibits the results of coherence times with Cu2+
solution (providing external electronic spins) applied on
the sample surface. Likewise, the ratio Re = (T2Cu
2+
-
T2air) / T2air was used to represent the variation of coher-
ence times caused by external electronic spins. Spin echo
measurements of NV-02 with four representative etching
depths are shown in Fig.4(a). The center NV-02 initially
sat at d ~ 32 nm, according to the fact that it disap-
peared after etching 32 nm. Before etching, the T2air of
NV-02 was 219.9 µs. After applying Cu2+ to the sample
surface, T2 ( T2Cu
2+
) changed to 201.8 µs, and Re was
about -0.08. After etching 16 nm (d ∼ 16 nm), the T2air
declined to 122.3 µs, and T2Cu
2+
declined to 94.2 µs,
making Re to be -0.23. T2air and T2Cu
2+
declined to 15.6
and 6.36 µs respectively when NV-02 was etched about
8 nm to the surface. Strong decoherence caused by ex-
ternal electronic spins was detected as indicated by the
reduced Re of -0.59. However, with etching depth being
30 nm in total, NV-02 was only about 2 nm to the sur-
face, and T2air and T2Cu
2+
declined to 5.13 and 2.33 µs,
respectively, making Re changed to -0.55. The T2air and
T2Cu
2+
of NV-02 for various depths to the sample surface
5are presented in Fig.4(b) top, and the ratios (Re) of them
are in Fig.4(b) bottom. Fig.4(c) shows the results of NV-
21. Both figures show that the coherence times declined
dramatically when NV centers are under 20 nm, for sam-
ple surface with or without Cu2+ applied. Furthermore,
T2Cu
2+
was less than T2air at each depth, leading to the
fact that Re was negative, indicating decoherence caused
by external electronic spins was always existing. We also
found that Re of the two NVs increased when they were
brought very near the surface by etching the sample sur-
face. Re of all the 25 single NV centers at different depths
were demonstrated in Fig.4(d).Similar to the processing
of Rn, the data of Re in the figure were also divided into
two parts, with depths above and under 6 nm. Com-
pared with the evolution of Rn, Re behaved similarly at
the depths above 6 nm, also declined regularly. However,
when the depth was less than 6 nm, the data points of Re
mostly distributed around -0.6, with a few located in the
range from -0.42 to -0.06.
IV. Discussion
The results demonstrated above showed that the inter-
action between NV centers and external spins varied with
NV center depth. We took the evolution of Rn as an in-
stance to elaborate the various reasons leading to the re-
sults. For the NV centers in diamond, it is inevitable that
surface spin bath exists, which contributes to the deco-
herence of NV centers along with spins in bulk [10, 25–
27]. Correspondingly, the coherence time is as follows
:
T air2 = 1/[γ
2
NV (B2bulkτbulk+B
2
sur f τsur f )+
1
2T1
] (1)
If external spins are applied on the surface of diamond,
the decoherence would also be influenced by the external
spins, in addition to the surface spins and spins in bulk.
Thus, T2 with external spins around the sample surface
(T2ext) can be written in the form :
T ext2 = 1/[γ
2
NV (B2bulkτbulk+B
2
sur f τsur f +B
2
extτext)+
1
2T1
] (2)
In the above expressions, γNV is the gyromagnetic ratio
of NV center, and B2bulk, B
2
sur f , B
2
ext are the MS magnetic
field signal produced by internal (bulk), surface and ex-
ternal spins respectively, and τbulk, τsur f , τext are the in-
ternal (bulk), surface and external spin baths’ autocorre-
lation times respectively, which can be regarded as con-
stant parameters at a given temparature. Noteworthily,
the contribution of 12T1 to
1
T2
is far less than that of various
spin noises, so it can be neglected. Then, the expression
of ratio can be obtained from Eq.(1) and Eq.(2) as :
R=
T ext2 −T air2
T air2
=− B
2
extτext
B2bulkτbulk+B
2
sur f τsur f +B
2
extτext
(3)
It is worth mentioning again that, by using NV center ar-
ray and position marks, we could track each paricular NV
center no matter how the sample surface was etched and
the external spins were applied. For each tracked NV cen-
ter, the internal adjacent environment was unchanged as
the center depth is not very shallow. Therefore, the quan-
tity B2bulkτbulk in Eq.(3) was constant for the tracked NV
center, and would be denoted by Cbulk hereafter. More-
over, for each kind of spins, the autocorrelation time is
invariable, i.e. the τsur f and τext in Eq.(3) can be regarded
as constants (independent of center depth) as well.
Then we focused on the center depth dependent B2sur f
and B2ext . When NVs are distant from the surface, the
relationship between B2sur f and center depth can be well
described based on a model of a 2D layer of surface g =
2 spins in case with the surface exposed to air [10]. In
particular, for the (100)-oriented diamond, we have :
B2sur f = σ(
gµ0µB
4pi
)2(
3pi
8d4
) (4)
where d is the NV center depth and σ is the mean sur-
face spin density. We note that besides the variable d
and a unknown quantity of σ , the other parameters in
Eq.(4) can be combined as a constant, Csurf. For the B2ext ,
using a model of the sample surface covered with liquid
of infinite thickness that provides homogeneous external
nuclear spins [23], it can be derived:
B2ext = B2oil = ρ(
µ0èγn
4pi
)2(
3pi
4d3
) (5)
where ρ is the nuclear spin number density, d is the NV
center depth, and γn is nuclear gyromagnetic ratio. The
unknown quantity in Eq.(5) is ρ, the value of which de-
pends on the applied oil. However, the rest parameters
besides variable d can also be treated as a constant, Cext.
With Eq.(4) and (5) substituted into Eq.(3), a simplified
expression of Rn can be obtained :
Rn=− ρτextCext/d
3
Cbulk+στsur fCsur f /d4+ρτextCext/d3
(6)
Eq.(6) showed the relationship between Rn and NV
center depth. With the estimated values of Cin, στsur f
and ρτext in a reasonable range, Eq.(6) was found to fit
the data well. The results of Rn and Re (averiged in each
interval) are demonstrated in Fig.5. It is noticed that
the data points of Rn at the depth above 10 nm conform
to the simulated curve in Fig.5(a), while the data points
under 10 nm show a deviation from the simulated curve.
Moreover, it can be learnt from Eq.(6) that the positive
Rn is nonexistent, which is incompatible with the experi-
ment results when NVs were brought near to the surface.
The discrepancy was attributed to the following effects.
6Firstly, the surface spin baths can not be simply treated
as a 2D uniform layer when NVs are very shallow (d ≤
10 nm) owing to the existence of discrete surface spin
effect or spin clustering [10], which makes the surface
spin density inhomogeneous, and consequently, Eq.(4) is
no longer valid. In this case, B2sur f becomes sensitive to
the surface spin distribution and the denominator value
of Eq.(6) fluctuates, leading to the Rn value scattering
around the simulated curve. Furthermore, recent works
reveal that electric field noise plays a significant role in
decoherence of near-surface NV centers [28, 29], so the
fact that Rn can have positive values is related to the mi-
croscope immersion oil, nonconductor of high dielectric
constant (κ = 2.3), which reduces the electric field noise
and suppresses the decoherence [28].
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Figure 5. Coherence time ratios of (a) Rn and (b) Re vs. NV
center depths to the sample surface. The solid lines in the figure
are simulated curves, which are in red online.
The expression of the ratio Re (T2Cu
2+
- T2air) / T2air is
similar to Eq.(6), and the simulated curve presented in
Fig.5(b) demonstrates an appropriate fit with the data.
In spite of this, the data deviation from the simulated
curve is shown at the depth under 5 nm as well, suggest-
ing that the discrete surface spin effect does influnce the
values of the ratios. A difference from Rn is that no posi-
tive Re is found, which can be attributed to that the plen-
tiful ions in Cu2+ solution near the sample surface would
enlarge the electric field [30], instead of decreasing the
electric field noise that would suppress the decoherence.
Our results demonstrated that Eq.(6) could explain the
depth dependent decoherence behaviours caused by ex-
ternal spins with respect to the inevitable intrinsic spins
around the diamond surface. Each simulated curve in
Fig.5 shows a minimum at the depth about 6 nm. As an
example, by taking the derivative of Rn in Eq.(6) with re-
spect to the center depth d, it was found that Rn would
take minimum value at the depth d0 :
d0 = 4
√
στsur fCsur f
3Cbulk
(7)
Eq.(7) reveals that the characteristic depth (d0), at
which the ratio Rn (and Re as well) meets the mini-
mum, only depends on the the adjacent environments
of NV centers and the density of diamond surface spins.
In external spin detection, the NV center should be
brought closing to the sample surface as far as possible to
strengthen the detected signal. However, taking surface
spins into consideration, the depth at which the exter-
nal spins cause relatively the most intense decoherence
is several nanometers away from the surface. Since the
adjacent environment of NV center is changeless, it can
be obtained from Eq.(7) that d0 decreases with σ reduc-
ing. Therefore, decreasing the density of surface spins by
proper surface treatments can lower d0 and hence the ex-
ternal spin detection with less influence of surface spins
can be realized for the shallow NV center sensors.
V. Summary
We investigated the depth dependence of the coher-
ence times of NV centers for diamond plate with or with-
out external nuclear and electronic spins around the sur-
face. By using NV center array and position marks, each
particular NV in the diamond plate etched for different
depths could be recognized and tracked. As the internal
adjacent environments of the tracked NVs were kept un-
changed upon etching, our results obtained by T2 track-
ing was more persuasive than that by measuring NVs ini-
tially in different depths. We performed plasma etching
to control the depths of NVs with an efficient etching
rate. Based on this, we applied microscope immersion
oil and Cu2+ solution on the surface to obtain external
nuclear and electronic spins. We introduced the coher-
ence time ratios of Rn and Re to present the decoherence
caused by external spins, and found the depth dependent
ratios behaved in the form of a function having a mini-
mum. The characteristic depth at which the NV centers
experienced relatively the strongest decoherence caused
by external spins, as indicated by the minimum ratio R =
(T2ext - T2air) / T2air, was found depending on the adja-
cent environment of NV center and the density of surface
spins, which could be useful in the further study and de-
tection of external spins, surface spin noise and so forth
with NV centers in diamond.
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